Abstract Chimpanzee (Pan troglodytes) and rhesus macaque (Macaca mulatta) and humans (Homo sapiens) share physiological and genetic characteristics, but have remarkably different life spans, with chimpanzees living 50-60 % and the rhesus living 35-40 % of maximum human survival. Since oxidative processes are associated with aging and longevity, we might expect to see species differences in age-related oxidative processes. Blood and extracellular fluid contain two major thiol redox nodes, glutathione (GSH)/ glutathione-disulfide (GSSG) and cysteine (Cys)/cystine (CySS), which are subject to reversible oxidationreduction reactions and are maintained in a dynamic non-equilibrium state. Disruption of these thiol redox nodes leads to oxidation of their redox potentials (E h GSSG and E h CySS) which affects cellular physiology and is associated with aging and the development of chronic diseases in humans. The purpose of this study was to measure age-related changes in these redox thiols and their corresponding redox potentials (E h ) in chimpanzees and rhesus monkeys. Our results show similar age-related decreases in the concentration of plasma GSH and Total GSH as well as oxidation of the E h GSSG in male and female chimpanzees. Female chimpanzees and female rhesus monkeys also were similar in several outcome measures. For example, similar age-related decreases in the concentration of plasma GSH and Total GSH, as well as age-related oxidation of the E h GSSG were observed. The data collected from chimpanzees and rhesus monkeys corroborates previous reports on oxidative changes in humans and confirms their value as a comparative reference for primate aging.
period of infant dependence upon the mother, a prolonged adolescence, and a longer life span than do the other primates. These characteristics have been associated with many evolutionary changes in humans following the divergence about 6 million years ago from the common ancestral line with the chimpanzee. Among these are increased brain size (Chen et al. 2013; Herculano-Houzel 2012; Preuss 2011; Rilling and Insel 1999) , increased brain metabolism (Preuss 2011) , and an extended period of pre-frontal synaptic development (Liu et al. 2012) . Along with longer survival, the human also experiences susceptibility to Alzheimer's disease (Finch and Austad 2012; Heuer et al. 2012; Jucker 2010) and greater brain white matter loss (Chen et al. 2013 ) than other primates. All of these traits may be related both physiologically and genetically. For this reason, it is important to understand which aspects of aging are similar and which are different among related primate species.
Oxidative stress, the increased production of reactive oxygen species (ROS) has been proposed as a fundamental mechanism of aging (Beckman and Ames 1998; Dröge 2003; Finkel and Holbrook 2000; Sohal 2002 ) and age-related chronic diseases (Evans et al. 2005; Keaney et al. 2003; Olmez and Ozyurt 2012; Shukla et al. 2011) . In general, increased production of ROS and/or decreased antioxidant function can cause irreversible damage to macromolecules and shorten life span (Beckman and Ames 1998; Sohal and Weindruch 1996) . However, this view may be too simplistic because age-associated physiological deterioration cannot be attributed solely to cumulative oxidative stressinduced macromolecular damage (Sohal 2002; Videan et al. 2008; Sohal and Orr 2012) . Furthermore, mounting evidence shows that ROS (such as superoxide anion radical, hydrogen peroxide and nitric oxide) also play an essential role in numerous physiological processes (Dröge 2002; Rhee 2006; Veal and Day 2011) . This has led to alternative characterizations of oxidative stress that do not focus on free radical damage to macromolecules (Jones 2006a (Jones , 2006b (Jones , 2008 Sohal and Orr 2012) , but instead focus on disruptions of redox signaling and control.
Research shows that thiol-containing proteins are prone to non-radical, reversible oxidation-reduction reactions and that redox regulation significantly affects many physiological functions including cell proliferation, apoptosis and maintenance of protein structures Jiang et al. 2005; Jonas et al. 2003; . They also may determine which ROS can act as 2nd messengers (Forman et al. 2004) . Thus, compared to ROS-induced macromolecular damage, quantifying the redox potential (E h ) of the inter-convertible forms (reduced and oxidized) of the major intracellular redox couple, glutathione (GSH)/ glutathione disulfide (GSSG), and the extracellular redox couple, cysteine (Cys)/cystine (CySS), may provide a more sensitive and functionally relevant characterization of oxidative stress (Rebrin et al. 2011; Rebrin and Sohal 2008) and allow a more meaningful assessment of how oxidative changes contribute to aging and chronic disease (Jones 2006a (Jones , 2006b (Jones , 2008 Sohal and Orr 2012) . Indeed, the GSH/GSSG redox potential (E h GSSG) and the Cys/CySS redox potential (E h CySS) in human plasma become progressively oxidized with age (Jones et al. 2000; Jones et al. 2002) and are associated with chronic diseases including Type 2 diabetes ) and cardiovascular disease (Go and Jones 2011) .
Progress in determining how plasma redox status affects aging and chronic disease is primarily dependent on the use of invertebrate (Rebrin et al. 2004; Sohal et al. 1987 ) and rodent (Rebrin et al. 2007; Rebrin et al. 2003; Zhu et al. 2006 ) models. Although these models hold promise, differences between humans and rodents in terms of longevity, genetics, physiology, and metabolism limit their usefulness. For example, there are differences between humans and rodents in Sglutathionylation (Colombo et al. 2010 ) and glutathione metabolism (Hempe et al. 2007 ) that likely affect redox status. Compared to rodents, nonhuman primates exhibit greater similarity to human physiology as well as susceptibility to aging and age-related pathophysiology (Anderson and Colman 2011) . Rhesus monkeys are the best characterized and most commonly studied nonhuman primates used in comparative gerontology research (Nakamura et al. 1998; Roth et al. 2004) ; however, chimpanzees share a more recent common evolutionary ancestor and a more homologous genome with humans (Chen and Li 2001; Patterson et al. 2006; Takahata and Satta 1997) . In addition, chimpanzees are a unique biomedical resource that is at risk of being lost (VandeBerg and Zola 2005) .
While data on any primate species could provide useful insight into mechanisms of the different patterns of aging, the chimpanzee is of particular interest because it is our closest biological relative. Comparisons of humans with chimpanzees can thus provide significant insight into uniquely human traits, such as our long lifespan and our unique cognitive capacities (Herndon 2010) . In view of all of these factors, the question of whether the pattern of age-related alterations in oxidative mechanisms is similar to that in humans is of substantial biological importance, and we have therefore chosen to measure plasma redox status in this species. As a key point of comparison, we also have obtained similar measures in the rhesus monkey, a primate less closely related to humans. An HPLC method was used to measure the plasma concentrations of the thiol metabolites, GSH and Cys, the plasma concentration of their oxidized forms, GSSG and CySS, the redox potentials of both of these redox couples and the plasma concentration of the mixed disulfide form, Cys-GSH. Multiple regression analysis was used to detect significant age-related declines in the concentration of plasma GSH and Total GSH as well as oxidation of E h GSSG in chimpanzees similar to changes observed in human plasma (Jones et al. 2000; Jones et al. 2002) . In addition to detecting significant age-related declines in the concentration of plasma GSH and Total GSH as well as oxidation of E h GSSG in monkeys, multiple regression analysis also detected an age-related increase in the concentration of plasma CySS and Total CySS. The results obtained from chimpanzees parallel data obtained from humans, while the data from rhesus monkeys are less similar. Our results emphasize the value of a comparative approach toward understanding the mechanisms of aging, and the role of redox regulation in the biology of aging and the etiology of chronic diseases.
Materials and methods

Subjects and environment
Subjects were adult male and female chimpanzees (Pan troglodyte) and adult female rhesus monkeys (Macaca mulatta) at the Yerkes National Primate Research Center (YNPRC) of Emory University. Female (n=44; ages 12-55) and male (n=16; ages 9-41) chimpanzees were housed in small, mixed-sex social groups at the Main Station of the Yerkes Center in indoor/outdoor enclosures. Female monkeys (n=12, ages 9-13 and n=12, ages 20-26) were pair-housed indoors at the Main Station of the Yerkes Center. Subjects received chow and fresh fruit twice daily and were provided water ad libitum. The age distribution of chimpanzees and monkeys is shown in Table 1 . This range of ages represents the entire age spectrum of chimpanzees and rhesus monkeys because they rarely live longer than 50 or 30 years, respectively (Herndon et al. 1999; Tigges et al. 1988) . Animal housing and husbandry as well as the experimental procedures were approved by the Institutional Animal Care and Use Committee of Emory University and were provided by the Yerkes Primate Center Animal Resource Division in accordance with USDA and AAALAC guidelines for the ethical treatment of animals.
Blood collection
Fasted blood samples (18 h without food) were collected opportunistically from chimpanzees following anesthesia (Telazol 5 mg/kg, IM) prior to their annual health assessment or brain imaging sessions scheduled as part of a parallel project. Samples from the rhesus macaques were obtained following anesthesia (Telazol 4 mg/kg, IM) during annual health examinations. All blood samples were obtained between 9:00 am and 12:00 pm to minimize circadian variation (Blanco et al. 2007 ). Samples were collected in specially prepared tubes containing a preservative (sodium heparin, iodine acetic acid, and bathophenanthroline-disulfonic acid disodium) to minimize auto-oxidation and hemolysis of the samples ). The samples were centrifuged (13,200 rpm for 1 min) within 3 min of beginning blood collection. Following centrifugation, 200 μl of supernatants were added to 200 μl of 10 % (w/v) perchloric acid containing 0.2 M boric acid. Samples were immediately frozen and stored at −80°C until assayed.
Measurement of thiol and disulfide forms of glutathione and cysteine and their redox state Plasma concentrations of GSH, GSSG, Cys-GSH, Total GSH, Cys, CySS, and Total Cys were quantified using previously described procedures (Jones et al. 2000; Jones and Liang 2009; Jones et al. 2002) . Briefly, samples were analyzed using high-performance liquid chromatography with fluorescence detection of dansyl derivatives to measure the concentration of GSH, GSSG, Cys-GSH, Cys, and CySS in the plasma. Total GSH was the sum of the low-molecular weight forms of GSH, GSSG, and Cys-GSH in plasma; the GSH bound to protein was excluded. Redox potentials (E h ) of the plasma thiol/disulfide couples GSH/GSSG and Cys/CySS were calculated from their concentrations. The Nernst
2 ), was used to calculate the potentials. In this equation, E o = standard potential for the redox couple, R = gas constant, T = the absolute temperature, n=2 for the number of electrons transferred, and F=Faraday's constant. The E o values at pH 7.4 were used to calculate the GSH/ GSSG redox potential (E h GSSG) and the Cys/CySS redox potential (E h CySS) are −264 and −250 mV, respectively. The E h GSH/GSSG and the E h Cys/CySS were expressed in mV with higher (i.e., less negative) values indicative of higher levels of oxidative stress.
Data analysis
Data are expressed as mean±standard error of the mean (SEM) for all analyses and figures. All statistical tests were two-sided and were conducted using SPSS software (IBM; version 19). p<0.05 was considered statistically significant for all analyses. Continuous variables were tested for normality using the Shapiro-Wilk criterion and non-normal data were transformed. Plasma GSH, GSSG, Total GSH, Cys-GSH, CySS, and Total Cys data was transformed using a natural log function prior to making comparisons between male and female chimpanzees. Plasma GSSG, Cys-GSH, CySS, Cys, and Total Cys data was transformed using a natural log function prior to making comparisons between female chimpanzees and rhesus monkeys. Plasma GSH and Total GSH data was transformed using an inverse square root function prior to making comparisons between female chimpanzees and rhesus monkeys. Pearson product-moment correlations between the concentration of metabolites and redox potentials were performed.
For chimpanzees, multiple regression analysis was used to determine the effects of age, weight, sex, and their interaction effects on the concentration of plasma metabolites and redox potentials. Because the three-way interaction and the weight by age interactions were not significant for any dependent variables, they were excluded from the final regression model. Thus, the final models included the effects of age, weight, sex, and sex by age. To assess whether a possible independent effect of body weight might be obscured by inclusion in the same model with age, we also examined simple regression models with weight alone as a predictor variable for males and females separately.
Additional blood samples were collected opportunistically from a subset of female chimpanzees. This produced a repeated measures data set which was analyzed with mixed effect linear models. Mixed effect linear models are an extension of the multiple regression model that allows and controls for the repeated measures of subjects and unbalanced designs (Gueorguieva and Krystal 2004) .
Multiple regression analysis also was used to compare the female chimpanzee results with similar data from female rhesus macaques. Age, species, and age by species terms were included in the model. Weight was not considered because of large species differences in this measure. Normality of residuals from all regression analyses was confirmed by examination of Q-Q plots.
Results
Correlation between thiol concentrations and redox potentials in chimpanzees
Correlation analysis of the thiol metabolites detected significant relations among some of the metabolites (see Table 2 ). The concentration of plasma GSH had a strong positive correlation with the concentrations of plasma GSSG (p=0.001) and Cys-GSH (p<0.001) as well as a strong negative correlation with E h GSSG (p<0.001). Interestingly, there also was a trend for the concentration of plasma GSH to correlate negatively with the E h CySS. The concentration of plasma GSSG had a strong positive correlation with the concentration of plasma Cys-GSH (p<0.001) and a modest correlation with E h GSSG (p=0.03). A positive correlation also was detected between E h GSSG and E h CySS (p=0.01). The 30 -3 9 . 9 9 y e a r s 5 2 0 40 -4 9 . 9 9 y e a r s 4 1 0 5 0 + y e a r s 6 0 0 concentration of plasma Cys did not correlate significantly with any other metabolite. However, the concentration of plasma Cys had a strong negative correlation with E h CySS (p<0.001) and a negative correlation with E h GSSG (p=0.01). The concentration of plasma CySS did not correlate significantly with any other metabolite, but had a modest positive correlation with E h CySS (p=0.04).
Plasma thiol concentrations and redox potentials in chimpanzees vary with age
Multiple regression analysis indicated that weight, sex and the interaction of age and sex did not explain a significant portion of the variance in the concentration of plasma metabolites. In contrast, multiple regression analysis revealed that chimpanzee age statistically predicted the concentration of plasma GSH (F (4, 55) =4.60, p<0.01, r 2 =0.25). There was a significant age-related decrease in the concentration of plasma GSH (t (55)= −2.79, p<0.01). Figure 1 shows the age-dependent decrease in the concentration of plasma GSH in chimpanzees. Similarly, multiple regression analysis revealed that chimpanzee age statistically predicted the concentration of plasma Total GSH (F (4, 55) =3.62, p=0.01, r 2 = 0.21). There was a significant decrease in the concentration of plasma Total GSH (t (55)=−2.78, p<0.01). Multiple regression analysis (F (4, 55) =1.96, p=0.11, r 2 = 0.13) also indicated that there was a trend for a sex by age interaction effect (t (55)=−1.70, p=0.09) on the concentration of plasma GSSG (i.e. the oxidized form of GSH; data not shown). In contrast, multiple regression analysis including the variables age, sex, weight and the sex by age interaction in the model did not significantly explain any of the variance in the concentration of plasma Cys, CySS, and Total Cys in female and male chimpanzees. Simple linear regression with weight as a predictor was examined in males and females separately to determine if the age-related effects were obscuring any weight-related effects. This model was not significant for any of the plasma metabolites. The variable, E h GSSG, did not need to be transformed because it was normally distributed. Multiple regression analysis revealed that age significantly predicted the E h GSSG in plasma (F (4, 55) =2.69, p=0.04, r 2 =0.16). Figure 2 shows progressive age-related oxidation of the E h GSSG in female and male chimpanzees. Oxidation of the E h GSSG (Fig. 2 ) increased an average of 0.33 mV per year (t (55)=2.23, p=0.03). In contrast, none of the variables explained a significant portion of the variance observed in the plasma E h CySS of female and male chimpanzees.
Plasma thiol concentrations and redox potentials vary consistently with age in chimpanzees
We were able to opportunistically collect additional blood samples from a subset of female chimpanzees (Table 3) . Additional blood samples were not collected from the male chimpanzees. A 2nd blood sample was collected from a subset of 32 female chimpanzees approximately 1 year (1.06±0.06 years) after collecting their initial blood sample. A 3rd blood sample was collected from a smaller subset of 18 female chimpanzees a little less than a year (0.7±0.05 years) after collecting their 2nd blood sample. The average age and age range of female chimpanzees were similar at the time that the 1st, 2nd, and 3rd samples were collected (Table 3) . Analysis of the 1st year's data was replicated by the results of the mixed model analyses of the additional blood samples that indicated similar age-related patterns. Intercepts, coefficients, F values, and p values for these mixed effects models are given in Table 4 . Mixed model analysis revealed a significant relation between age and the concentration of plasma GSH (F (1, 66) =16.43, p<0.001). Figure 3a shows that there is an age-dependent decrease in the concentration of plasma GSH in female chimpanzees (t (66)=−4.05, p<0.001). Mixed model analysis also revealed a significant relation between age and the concentration of plasma Cys-GSH (F (1, 82) =5.82, p=0.02). Figure 3b shows that chimpanzee aging also was associated with a decrease in the concentration of plasma Cys-GSH (t (82)=−2.41, p=0.02). In addition, mixed model analysis revealed a significant relation between age and the concentration of plasma Total GSH (F (1, 73) = 12.01, p=0.001). There was an age-related decrease in the concentration of plasma Total GSH (t (73)=−3.46, p=0.001). Similar to the analysis of the 1st year's data set, mixed model analysis of the additional blood Fig. 2 The redox state (in mV) of the GSH/GSSG couple plotted as a function of age (in years). Agerelated oxidation of the E h GSSG (r 2 =0.16, p=0.03) was detected Blood samples were collected from 44 female chimpanzees prior to annual physicals or prior to brain imaging conducted for another study to measure the plasma concentration of thiol proteins and redox potentials. A 2nd blood sample was collected approximately 1 year later from 32 of the female chimpanzees. A 3rd blood sample was collected approximately 0.7 years after the 2nd sample from 18 chimpanzees. The age distribution, average age and age range of the female chimpanzees were similar at the time of all 3 sample collections samples did not detect any age-related changes in the concentration of plasma Cys, CySS, and Total Cys in female chimpanzees. Age-related oxidation of the E h GSSG detected by analysis of the 1st year's data was replicated by the results of the mixed model analyses of the additional blood samples (F (1, 72) =8.46, p<0.01). Figure 4 shows an age-related increase in the E h GSSG of female chimpanzees (t (72) = 2.91, p < 0.01). Oxidation of the E h GSSG (Fig. 4) increased an average of 0.20 mV per year. In contrast, mixed model analysis did not detect any age-related oxidation of the E h CySS.
Correlation between thiol concentrations and redox potentials in monkeys
Correlation analysis of the thiol metabolites detected correlations among some of the metabolites (see Table 5 ). The concentration of plasma GSH has a strong positive correlation with the concentrations of plasma GSSG (p=0.02) and Cys-GSH (p<0.001). The concentration of plasma GSH also has a strong negative correlation with the E h GSSG (p=0.001) and the E h CySS (p= 0.04). There also was a trend for the concentration of plasma GSH to correlate positively with the concentration of plasma Cys. The concentration of plasma GSSG had a strong positive correlation with the concentration of plasma Cys-GSH (p<0.001). There were trends showing that the E h GSSG has a positive correlation with the E h CySS and a negative correlation with the concentration of plasma Cys. The concentration of plasma Cys has a strong negative correlation with the E h CySS (p<0.001). In contrast, the concentration of plasma CySS (Fig. 5) has a positive correlation with the E h CySS (p=0.04).
Differences in thiol concentrations and redox potentials between female chimpanzees and monkeys
Multiple regression analysis was used to determine whether age, species and the interaction of age and species explained a significant portion of the variability in the concentration of plasma metabolites. Multiple regression analysis (F (3, 64) =53.68, p<0.001, r 2 =0.72) revealed that age and species statistically predicted the concentration of plasma GSH when comparing chimpanzees and rhesus monkeys. There was a main effects of age (t (64)=4.00, p<0.001) indicating that there was an age-related decrease in the concentration of plasma GSH of female chimpanzees and rhesus monkeys. There also was a main effects of species that revealed that the concentration of plasma GSH is significantly lower in female chimpanzees compared to female rhesus Values are bivariate correlations. The top number is the correlation coefficient (r) and the bottom number is the p-value. Significant correlations (p<0.05) are highlighted with * and trends (p<0.10) are highlighted with † monkeys (t (64)=−3.97, p<0.001). Multiple regression analysis (F (3, 64) =55.59, p<0.001, r 2 =0.72) also revealed that age and species statistically predicted the concentration of plasma Total GSH when comparing female chimpanzees and rhesus monkeys. There was a main effects of age (t (64)=3.20, p<0.01) that indicated an age-related decrease in the concentration of plasma Total GSH of female chimpanzees and rhesus monkeys. There also was a main effects of species that revealed that the concentration of plasma Total GSH is significantly lower in female chimpanzees compared to rhesus monkeys (t (64)=−4.29, p<0.001). Multiple regression analysis also revealed a species difference in the concentration of plasma GSSG (F (3.64) =13.20, p<0.001, r 2 =0.38). Rhesus monkeys had a higher concentration of plasma GSSG compared to female chimpanzees (t (64)=2.86, p<0.01). Multiple regression analysis (F (3, 64) = 14.73, p<0.001, r 2 =0.41) revealed that age accounted for a significant portion of the variability in E h GSSG in plasma when comparing female chimpanzees and rhesus monkeys. The age main effect (t (64)=2.63, p=0.01) indicated that the E h GSSG in plasma increases significantly in female chimpanzees and rhesus monkeys. An increase in the E h GSSG in plasma indicates increased oxidative stress. In addition, there was a trend (t (64)= −1.92, p=0.06) suggesting that the E h GSSG was higher in female chimpanzees compared to female rhesus monkeys. The model examining the E h CySS in female chimpanzees and rhesus monkeys also was significant (F (3.64) =3.95, p=0.01, r 2 =0.16) revealing a trend showing age-related oxidation of the E h CySS (t (64)=−1.74, p=0.09).
Multiple regression analysis examining the effects of age, species and age by species interaction on the concentration of plasma Cys-GSH was significant (F (3, 64) =48.82, p<0.001, r 2 =0.70). The concentration of plasma Cys-GSH was significantly higher in female rhesus monkeys compared to female chimpanzees (t (64)=4.45, p<0.001). There also was a trend suggesting that there was an age-related decrease in the concentration of plasma Cys-GSH in female chimpanzees and rhesus monkeys (t (64)=−1.78, p=0.08).
Multiple regression analysis examining the effects of age, species, and age by species interaction on the concentration of plasma CySS was significant (F (3, 64) = 3.24, p=0.03, r 2 =0.13). There was a significant age by species interaction (t (64)=2.26, p=0.03). Follow-up analysis of the simple main effects of each species revealed a significant age-related increase in the concentration of plasma CySS in female rhesus monkeys (F (1, 22) =11.38, p<0.01, r 2 =0.34) but not in female chimpanzees (F (1, 41) =0.02, p>0.05). Multiple regression analysis examining the concentration of plasma Total Cys also was significant (F (3, 64) =3.12, p=0.03, r 2 =0.13). There was a significant age by species interaction (t (64)=2.29, p=0.02). Follow-up analysis of the simple main effects of each species revealed a significant age-related increase in the concentration of plasma Total Cys in female rhesus monkeys (F (1, 22) =11.76, p<0.01, r 2 =0.35) but not female chimpanzees (F (1, 41) =0.03, p>0.05).
Discussion
The "oxidative stress theory" of aging (Harman 1956 ) may be too simplistic because recent data show that ageassociated physiological deterioration can't be attributed solely to cumulative oxidative damage to macromolecules (Sohal and Orr 2012) and that ROS may play an essential role in many physiological processes (Dröge 2002) . Quantifying age-related changes in thiol proteins and their redox potentials may provide a more sensitive and functionally relevant characterization of oxidative stress compared to ROS-induced macromolecular damage (Rebrin et al. 2011; Rebrin and Sohal 2008) , allowing a more meaningful assessment of how oxidative changes contribute to aging and chronic disease (Jones 2006a (Jones , 2006b (Jones , 2008 Sohal and Orr 2012) . Data showing that changes in redox signaling and control are related to aging and chronic disease (Ashfaq et al. 2006; Go and Jones 2011) as well as data that changes in the local redox environment affect many cellular and tissue functions Jiang et al. 2005; Nkabyo et al. 2005 ) support this view. Our study, designed to measure age-related changes in the concentration of plasma thiols and their corresponding redox potentials in chimpanzees and rhesus monkeys confirms and extends previous research. Our correlational analyses of the plasma redox thiols obtained from chimpanzees and monkeys show many similarities with previously published redox analysis of these plasma thiols collected from healthy humans aged 19-85 years (Jones et al. 2000; Jones et al. 2002) . Some of the strongest correlations were between the concentration of the reduced plasma thiols, GSH and Cys, and their respective redox potentials. For example, there was a strong negative correlation between the concentration of plasma GSH and E h GSSG in chimpanzees (r=−0.73) and humans (r=−0.57). Similarly, there was a strong negative correlation between the concentration of plasma Cys and E h CySS in chimpanzees (r=−0.91) and humans (r=−0.87). This study also detected strong negative correlations between these parameters in rhesus monkeys. Given the overall similarity in the correlations among redox parameters, it is likely that redox metabolism in nonhuman primates is similar to that in humans (Jones et al. 2000; Jones et al. 2002) .
Females and males show differences in longevity (Borras et al. 2007 ) and age-related pathophysiology (Candore et al. 2006; Mendelsohn and Karas 2005; Reckelhoff 2001; Regitz-Zagrosek et al. 2006 ). Although some studies suggest sex differences in oxidative stress (Ide et al. 2002; Lopez-Ruiz et al. 2008; Miller et al. 2007 ), we did not detect differences in average concentration of plasma redox thiols nor did we detect differences in the rate (or trajectory) of age-related changes between male and female chimpanzees. The lack of sex differences may have resulted from a lack of statistical power due to the relatively small number of male chimpanzees in this study.
Our data show a progressive age-related decrease in the concentration of plasma GSH and Total GSH in chimpanzees. Mixed model analyses of additional blood samples collected approximately at 1 year intervals replicated these findings. Although we found that the concentration of plasma GSH and Total GSH was higher in female monkeys compared to chimpanzees, multiple regression analysis also shows a progressive agerelated decrease in their concentrations. These data are consistent with previous findings in humans showing that the concentration of plasma GSH decreases progressively with age Samiec et al. 1998) and may lead to pathological conditions. For example, decreased concentrations of plasma GSH have been reported in Huntington's disease patients (Klepac et al. 2007 ). This age-related GSH deficiency also may trigger an imbalance in nitric oxide affecting the integrity of the brain (Aquilano et al. 2011) .
We also examined changes in the concentration of plasma Cys, CySS, and Total CySS. An age-related increase in the concentration of plasma CySS and Total Cys were detected in rhesus monkeys similar to the agerelated increase in the concentration of CySS reported in humans . However, this age-related increase in the concentration of plasma CySS and Total Cys was not observed in female chimpanzees. This species difference should be investigated further because increases in the concentration of plasma CySS are mechanistically linked to cardiovascular disease and other adverse health conditions in humans (Go and Jones 2011; Patel et al. 2011) . Our chimpanzees receive a controlled, healthy diet and they are in good health which may help to explain the lack of change observed in their concentration of plasma CySS. However, our rhesus monkeys also are healthy and they also receive a controlled, healthy diet.
Significant age-related oxidation of plasma E h GSSG was detected when comparing female and male chimpanzees as well as when comparing female chimpanzees to female rhesus monkeys. Analyses of additional blood samples collected from a subset of female chimpanzees at approximately 1 year intervals replicated this finding and confirm previous reports showing E h GSSG becomes progressively oxidized in the plasma of aging humans and tissue of aging mice (Rebrin et al. 2007; Rebrin et al. 2003) . However, some important differences need to be highlighted. The agerelated oxidation of E h GSSG observed in chimpanzees and female rhesus monkeys likely results from the decrease in the concentration of plasma GSH whereas the pro-oxidative shift in E h GSSG observed in humans appears to result from both a decrease in the concentration of plasma GSH and an increase in the concentration of plasma GSSG . The linear, agerelated oxidation of E h GSSG detected in chimpanzees and female rhesus monkeys appears to be similar to observations in mice (Rebrin et al. 2007; Rebrin et al. 2003) ; however, the pro-oxidizing shift in the GSH redox state of mice has been ascribed to an increase in tissue GSSG content (Rebrin and Sohal 2008; Sohal and Orr 2012) . Differences between nonhuman primates and mice may be a function of differences in sampling (plasma vs. tissue). This study conducted a redox analysis of plasma thiols in chimpanzees and female rhesus monkeys. In contrast, redox analysis of thiols in mice was based on tissue homogenates and mitochondria collected from the liver, kidney, heart, and brain (Rebrin et al. 2007; Rebrin et al. 2003) .
Although age-related oxidation of E h GSSG is observed in plasma from both chimpanzees and humans, the pattern of the relation between age and the E h GSSG appears to be different. Oxidation of E h GSSG increased linearly an average of 0.33 mV per year in the first set of samples obtained from chimpanzees. Mixed model analysis of additional samples collected approximately at 1 year intervals replicated this finding by showing that oxidation of the E h GSSG increased linearly an average of 0.20 mV per year. In contrast, the E h GSSG in humans remains steady prior to age 45 before showing a linear pro-oxidizing shift . After remaining relatively stable in younger humans, E h GSSG oxidizes at a nearly linear rate of 0.7 mV per year after age 45 . Although the basis of this difference is unclear, it may be related to differences in the average life span of humans and chimpanzees. Regardless, the magnitude of the change is sufficient to result in a change in the ratio of a protein thiol/disulfide motif (Jones 2002) and it could have a significant impact on protein function.
Irrespective of these minor differences among the three species, age-related oxidation of E h GSSG is common to all of them. The E h GSSG appears to be a marker for the development of vascular dysfunction (Kondo et al. 2009 ) and an independent predictor of atherosclerosis in healthy adult humans (Ashfaq et al. 2006) . Chimpanzee research facilities and zoos may consider using E h GSSG as a biomarker because, similar to humans, aging chimpanzees are susceptible to cardiovascular disease and sudden cardiac death (Lammey et al. 2008; Nunamaker et al. 2012) .
Thiol-disulfide redox couples, E h GSSG and E h CySS, are maintained under stable, non-equilibrium conditions in biological systems (Jones 2008) . Similar to humans (Ashfaq et al. 2008; Ashfaq et al. 2006; Jones et al. 2000; Jones et al. 2002 ), E h CySS was more oxidized than E h GSSG in both chimpanzees and monkeys. These non-equilibrium conditions support previous data suggesting that these plasma redox values are dynamic indicators of the systemic balance between oxidative and antioxidant processes (Jones et al. 2000; Jones et al. 2002) .
The present study is the only report comparing age related changes in redox changes in rhesus monkeys and in chimpanzees. However, this study contains some limitations. Most important are those of sample size, particularly of the oldest age groups. In addition, comparison of the sexes was possible only for the chimpanzees, and even in this case, the number of males was too small for the absence of a sex difference in redox changes with age to be considered definitive. Finally, although the annually repeated measures in chimpanzees confirmed the patterns detected in the first set of samples, the number of repetitions was relatively small and the time span between the first and last samples (about 2 years) was short in comparison to the live span of the chimpanzee. Thus, our conclusions concerning agerelated patterns of redox changes must be interpreted with caution.
Despite these limitations, our study confirms that chimpanzees undergo a general pattern of change in oxidative processes that is similar to that observed in humans. This finding is important because the chimpanzee is our closest genetic relative (Chen and Li 2001; Patterson et al. 2006; Takahata and Satta 1997) . Similar to humans, chimpanzees showed age-related decreases in the concentration of plasma GSH, which contribute to progressive, age-related increase in oxidation of E h GSSG which is considered a more sensitive and functionally relevant measures of oxidative stress than macromolecular structural damage (Rebrin and Sohal 2008) . A similar pattern of change was observed in female rhesus. In addition to revealing the similarities of oxidative changes across the lifespan that may be common to all primates, our findings also point to differences that may contribute to our understanding of differences in life span and aging pattern. For example, fact that the increase of E h GSSG in chimpanzees does not appear to be delayed until mid-life, as it is in humans may provide clues to the difference between the two species in life span.
